Abstract Heat shock proteins (HSPs) are attractive therapeutic targets for neurodegenerative diseases, such as amyotrophic lateral sclerosis (ALS), characterized by aberrant formation of protein aggregates. Although motor neurons have a high threshold for activation of HSP genes, HSP90 inhibitors are effective inducers. This study evaluated NXD30001, a novel, small molecule HSP90 inhibitor based on the radicicol backbone, for its ability to induce neuronal HSPs and for efficacy in an experimental model of ALS based on mutations in superoxide-dismutase 1 (SOD1). In motor neurons of dissociated murine spinal cord cultures, NXD30001-induced expression of HSP70/HSPA1 (iHSP70) and its co-chaperone HSP40/DNAJ through activation of HSF1 and exhibited a protective profile against SOD1 G93A similar to geldanamycin, but with less toxicity. Treatment prevented protein aggregation, mitochondrial fragmentation, and motor neuron death, important features of mutant SOD1 toxicity, but did not effectively prevent aberrant intracellular Ca 2+ accumulation. NXD30001 distributed to brain and spinal cord of wild-type and SOD1
Introduction
Amyotrophic lateral sclerosis (ALS) is a devastating and fatal neurodegenerative disorder, manifesting in adulthood and resulting predominantly from dysfunction and death of motor neurons in the cerebral cortex, brain stem and spinal cord.
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There is no sufficiently effective treatment, and death typically occurs within 3-5 years of diagnosis. About 90 % of cases occur sporadically (sALS). The remainder are clearly familial (fALS; Valdmanis et al. 2009 ); the genetic loci identified include genes encoding Cu/Zn-superoxide dismutase (SOD1; Rosen et al. 1993) , TAR DNA-binding protein 43 (Neumann et al. 2006; Arai et al. 2006) , fused in sarcoma/ translated in liposarcoma (FUS; Kwiatkowski et al. 2009; Vance et al. 2009 ), vesicle-associated membrane protein B (Nishimura et al. 2004 ), ubiquilin2 (Deng et al. 2011) , C9ORF72 (Renton et al. 2011; Dejesus-Hernandez et al. 2011) , p62 (Hirano et al. 2013) , profilin 1 (Daoud et al. 2013) , and RGNEF, a rhoGEF nucleotide exchange factor (Droppelmann et al. 2013) . Aside from sporadic ALS, this multiplicity of fALS-associated genes points to ALS being a syndrome with multiple initiating factors, yet there are commonalities in the manifestation of disease in patients with either familial or sporadic disease including formation of inclusions, unfolded protein responses, excitotoxicity, calcium dysregulation, mitochondrial dysfunction, oxidative stress, axonal transport defects, disruption of neuromuscular junctions, altered RNA metabolism, disruption of neuron-glia interactions, and inflammatory responses (Boillee et al. 2006) .
Despite the multifactorial nature of disease pathogenesis, protein misfolding (due to mutation or post-translational modification) could represent an upstream, underlying process that is amenable to therapeutic intervention, in particular, upregulation of heat shock proteins (HSPs) with chaperoning activity. Upregulation of HSPs has resulted in significant protection in primary culture and transgenic mouse models of SOD1-linked fALS (Bruening et al. 1999; Kieran et al. 2004; Batulan et al. 2006; Kalmar et al. 2008 ) and spinal bulbar muscular atrophy (Malik et al. 2013 ). The Durham Lab has been evaluating HSP inducers and other potential therapeutics in a primary culture model, which is created by expressing disease-causing mutant proteins in motor neurons of dissociated cultures of murine spinal cord-dorsal root ganglia (DRG; Durham et al. 1997; Roy et al. 1998; Bruening et al. 1999; Batulan et al. 2006; Tradewell et al. 2011) . Expression of SOD1 mutants in cultured motor neurons, but not SOD1 WT , results in formation of inclusions containing the mutant protein, consistent with the inclusions formed in mutant SOD1 transgenic mice and ALS patients (Dal Canto and Gurney 1995; Bruijn et al. 1997; Shibata et al. 1993) , and loss of viability over 1 to 2 weeks (Durham et al. 1997) . A study examining early pathogenic events following expression of the mutant SOD1 G93A in this model showed an initial increase in mitochondrial [Ca 2+ ], followed by dramatic mitochondrial rounding and increased endoplasmic reticular [Ca 2+ ]. This was followed by increased cytosolic [Ca 2+ ], which was significantly higher in neurons harboring inclusions of mutant protein (Tradewell et al. 2011 ). In addition, impaired mitochondrial dynamics, including inhibition of mitochondrial fusion and axonal transport, also occurred as an early event (this study and Magrane et al. 2012; Song et al. 2012) .
HSP90 inhibitors are effective inducers of HSPs, presumably by releasing the major heat shock gene transcription factor, HSF1, which is held inactive in HSP90 complexes, such that it translocates to the nucleus, binds to heat shock promoter elements (HSE), and becomes activated to transactivate heat shock genes (Voellmy 2004) . The HSP90 inhibitor, geldanamycin, induces expression of stressinducible HSP70/HSPA1 (iHSP70) and its co-chaperone HSP40/DNAJ in motor neurons and other spinal cord cells (Batulan et al. 2006) . Geldanamycin treatment was highly effective in preventing the formation of mutant SOD1 inclusions and preserving mitochondrial morphology and motor neuron viability, although the impact on accumulation of Ca 2+ in intracellular compartments was minimal (Batulan et al. 2006; Tradewell et al. 2011) .
Because the pharmacokinetic/pharmacodynamic (PK/PD) profile and toxicity of geldanamycin make it unsuitable for in vivo administration, new compounds with reduced cytotoxicity and improved blood-brain barrier permeability are being developed. In this study, we evaluated NXD30001, a novel HSP90 inhibitor based on the radicicol backbone, from NexGenix Pharmaceuticals (New York, NY, USA; Barluenga et al. 2008 Barluenga et al. , 2009 Wang et al. 2009; Zhu et al. 2010) . We report that NXD30001 had a neuroprotective profile similar to geldanamycin in the ALS1 culture model, but with less toxicity. The PK analysis in mice showed the presence of NXD30001 in the central nervous system and other tissues, with particularly high levels in liver and muscle, making it potentially useful for in vivo administration. However, regardless of the tissue concentration of the drug, iHSP70 was induced only in skeletal and cardiac muscle and, to a lesser extent, in kidney, but not in brain, spinal cord, or liver.
Materials and methods

Dissociated spinal cord-DRG cultures
Cultures were prepared from E13 CD1 mouse embryos and cultured in hormone-and growth factor-enriched medium, and motor neurons were identified as previously described (Roy et al. 1998) . Cultures were used in experiments 3-6 weeks following dissociation to allow maturation of motor neurons. All studies were carried out in accordance with the Canadian Council on Animal Care.
Gene transfer
Plasmid expression vectors were microinjected into motor neuronal nuclei as previously described at concentrations leading to protein expression in at least 90 % of injected neurons (Durham et al. 1997 
Drug treatment in culture
Stock solutions of NXD30001 (10 mM, NexGenix Pharmaceuticals; M.W. 477) and geldanamycin (5 mM, StressMarq Biosciences, Victoria BC, Canada) were prepared in dimethyl sulfoxide (DMSO) and aliquots were stored at −80°C. The maximal concentration of DMSO used was 0.0025 % (for 250 nM NXD30001), a concentration previously shown not to be cytotoxic to motor neurons in our studies or to interfere with AMPA receptor function (Tsvyetlynska et al. 2005) . Stock was diluted in culture medium to working concentrations. The structure of NXD30001 was previously published as pochoxime A ).
Immunocytochemistry and SDS-PAGE/Western blotting of cultures
For immunocytochemistry (ICC), spinal cord-DRG cultures on coverslips were fixed in 3 % paraformaldehyde in phosphate buffered saline (PBS) for 10 min, permeabilized with 0.5 % Nonidet-P40 in PBS for 1 min, fixed again with paraformaldehyde for 2 min, blocked with 5 % horse serum in PBS for 30 min, incubated with the primary antibody for 1 h, washed with PBS three times for 5 min each, incubated with secondary antibody for 30 min, washed with PBS three times for 5 min each, and mounted on glass slides using Immumount (Fisher Scientific, Mississauga, ON, Canada).
For SDS-PAGE/Western blotting, cultures on 18-mmdiameter coverslips were washed with cold PBS and harvested in 100 μl of 20 mM Tris/2 mM ethylenediaminetetraacetic acid. Harvested cells were sonicated for 3 s at 50 % cycle duty using a Vibro Cell Sonicator (Sonics and Materials, Danbury, CT, USA). Supernatants were collected after centrifugation at 13,000×g at 4°C for 5 min. Protein concentration was determined by DC Protein Assay (Bio-Rad Life Science, Mississauga, ON, Canada). Samples containing 7.5 or 15 μg of protein were loaded onto 15-well SDS-polyacrylamide gels (12.5 % acrylamide for detection of HSPs; 8 % for detection of multiple forms of HSF1; 4 % acrylamide stacking gels). Gels were blotted onto nitrocellulose and probed as indicated, using actin or glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as loading control.
Antibodies: Human SOD1 was detected by immunocytochemistry (ICC) using mouse monoclonal antibody SD-G6 (Sigma Chemical, St. Louis, MO, USA; 1:300) and on Western blots using rabbit SOD-100 antibody (Enzo Life Sciences, Brockville, ON, Canada; 1:1,000). Antibodies used for the detection of HSPs were: Mouse monoclonal against iHSP70 [Enzo Life Sciences, Framingdale, NY, USA SPA-810; 1:100 for ICC, 1:1,000 for Western blotting (WB)], rabbit anti-HSP40 (Enzo Life Sciences SPA-400; 1:3000 for ICC, 1:10, 000 for WB), goat anti-HSP25/27 (Santa Cruz Biotechnology, Santa Cruz, CA, USA SC-1049; 1:500 for WB), rabbit anti-HSP60 (Santa Cruz SC-13966; 1:500 for WB), and rabbit anti-HSP90 (Santa Cruz SC-7947, clone# H-114; 1:1,000 for WB). For the Western blot analysis of HSF1 activation, monoclonal rat anti-HSF1 (Enzo Life Sciences SPA-950, clone# 10H8; 1:1, 000 for WB) was used. Mouse anti-β-actin (MP Biomedicals, Solon, OH, USA; 1:10,000 for WB) and rabbit anti-GAPDH (ABCAM Cambridge, MA, USA; 1:3,000 for WB) antibodies were used for loading controls. Secondary antibodies for ICC were: anti-mouse IgG-Alexa Flour 488 (Molecular Probes; 1:200), anti-rabbit IgG-Alexa Flour 594 (Molecular Probes; 1:200), and anti-mouse IgG-Cy3 (Molecular Probes; 1:300). For WB, the following secondary antibodies were used: peroxidase conjugated donkey-anti-goat IgG (Jackson Immunoresearch Laboratories, Westgrove PA, USA; 1:3,000), sheep-anti-mouse IgG-peroxidase (Jackson Immunoresearch; 1:3,000), donkey-anti-rabbit IgG-peroxidase (Jackson Immunoresearch; 1:3000), and goat anti-rat IgG-peroxidase (EMD , Mississauga, ON, Canada; 1:3000). Peroxidase activity was visualized using Pierce ECL chemiluminescent substrate (Thermo Fisher Scientific).
Imaging of epifluorescence
Cultures (living or fixed and mounted on slides) were placed on the stage of an Axiovert 35 inverted microscope (Carl Zeiss Canada, Toronto, ON, Canada) equipped with epifluorescence optics and a Lambda 10-B/SmartShutter™ and Lambda 10-C filter wheel (Sutter Instruments, Novato, CA, USA) containing excitation and emission filters (Chroma Technologies, Rockingham, VT, USA). Images, below fluorescence saturation level, were captured using an ORCA-ER cooled CCD digital camera (Hamamatsu Photonics, Hamamatsu City, Japan) and analyzed using Universal MetaFluor ® Imaging Software (Molecular Devices, Downingtown, PA, USA). Fluorescence intensity in defined regions was quantified using Metafluor ® .
Assays of mitochondrial function
Mitochondrial transport, length, and fusion were assayed as previously described (Gentil et al. 2011) . Mitochondrial transport: Motor neurons were microinjected with pOCT-eGFP plus empty plasmid or plasmid encoding SOD1
WT or SOD1
G93A
. After 3 days, coverslips were placed in a live cell imaging chamber (Harvard Apparatus, Montreal, Canada) and mounted on the stage of the Zeiss Axiovert 35 microscope. Images were captured using a 63× 1.4 NA Apochromat objective using the ORCA-ER cooled CCD camera and Metafluor® software. Images were acquired every 5 s for 100 frames (8 min). Deconvolution was performed using 3-D Huygens deconvolution software (Scientific Volume Imaging, Hilversum, The Netherlands). Universal Imaging Metamorph® software (Molecular Devices) was used to generate videos and kymographs of mitochondrial position, from which movement was assessed as anterograde, retrograde, or stationary. Movement was defined as at least 4 μm change in position over four's honestly significant difference (HSD) test, with significance established at p <0.05.
For measurement of mitochondrial length, cultures were fixed in 4 % paraformaldehyde in PBS, and then images of eGFP epifluorescence in axonal segments of motor neurons were transferred to NIH ImageJ software to measure lengths of individual mitochondria. Significance of difference between means of two groups was analyzed by unpaired t test with significance established at p <0.05.
Mitochondrial fusion was assessed using the technique of Karbowski et al. (2004) . Mitochondrial targeted, photoactivatable (PA) eGFP and mitochondrial targeted dsRed were co-expressed in motor neurons by intranuclear microinjection of PA-OCT-eGFP and pOCT-dsRed plasmids. eGFP was photoactivated by exciting an 18 pixels-diameter region of interest (ROI) with a 405 nm laser (3 ROI/neuron). eGFP and dsRed images were acquired using an LSM510 confocal microscope (Carl Zeiss) before and immediately after activation, and after an additional 30 and 60 min. Mean fluorescence units (FU) for each ROI at each time point was expressed as a percentage of the intensity immediately after activation, with inclusion of measurements from only those ROIs in which the dsRed fluorescence intensity was maintained over time (to exclude changes in eGFP fluorescence due to movement of mitochondria out of the ROI). Pseudocolor images were recorded using LSM Image Browser (Carl Zeiss). Measurements were included from a minimum of 15 ROI (in 7-10 motor neurons) per condition. Statistical analysis was performed by one-way ANOVA followed by the Tukey's honestly significant difference (HSD) test, with significance established at p <0.05.
Mitochondrial and cytosolic Ca
2+
Mitochondrial [Ca 2+ ] was measured as previously described (Tradewell et al. 2011 ) using the genetically-encoded, mitochondrial targeted sensor, mtpericam (Shimozono et al. 2002) . The mtpericam was excited alternately through 436/10 and 494/18 nm filters and fluorescence emission was collected at 535/30 nm. Ca 2+ binding causes an increase in excitation at 494 nm and decrease in excitation at 436 nm; thus, the ratio of fluorescence at 494/436 is directly proportional to mitochondrial [Ca 2+ ]. Experimental data were obtained from at least three separate coverslips per condition and repeated in at least two different culture batches. Normalization of data across experiments was carried out by dividing each 494/436 ratio by the overall mean of the experiment. This was conducted in order to combine data obtained on separate days (necessary due to a low n per day). Significance of difference between group means was assessed by unpaired, two-tailed t test, with significance established at p <0.05. After the experiment, cultures were fixed and immunolabeled with antibody to human SOD1 (SD-G6) to confirm plasmid expression.
Cytosolic [Ca 2+ ] was measured using the ratiometric indicator, fura-2 (Molecular Probes; used at 10 μM) as previously described (Tradewell et al. 2011 ). fura-2 was excited alternately using 340/10 and 380/10 nm filters and emission through a long-pass 510 nm filter was captured by Metafluor®. Cytosolic [Ca 2+ ] was determined as the ratio of fluorescence at 340/380 nm excitation. Data for each experimental group were collected using the same parameters within the same experiment. Significance of difference between group means was assessed by unpaired t test, with significance established at p <0.05.
Quantitation of neurons with inclusions
Motor neurons were microinjected with plasmid encoding SOD1 G93A and cultures were treated with vehicle or NXD30001. After 3 days, cultures were fixed and immunolabeled with antibody specific to human SOD1 (SD-G6; this antibody does not cross-react with murine SOD1, thus only detects human SOD1 derived from plasmid). The percentage of motor neurons with aggregated SOD1 G93A was calculated in three cultures per condition and expressed as mean ± SEM. Significance of difference between means was evaluated by unpaired t test, with significance established at p <0.05. Note, SOD1
WT does not form these inclusions and therefore was not evaluated in this experiment (Durham et al. 1997 ).
Motor neuron viability
Viability of motor neurons was evaluated at days 1-5 inclusive, following microinjection of expression plasmids plus the 70 kDa dextran-FITC. The number of neurons containing the marker was counted by epifluorescence microscopy and morphology was evaluated by phase microscopy. Counts were normalized to the number of neurons on day 1 as previously described (Roy et al. 1998) . Viability curves were obtained by plotting the values (mean number of surviving motor neurons ± SEM) obtained from life tables analysis in SPSS. Significance of differences among means was calculated using logrank test in SPSS, with significance established at p <0.05. A minimum of three cultures per condition was evaluated and the experiment was repeated using at least one additional culture batch.
Transgenic mice C57BL6-TgN(SOD1 G93A )1Gur, transgenic for human SOD1 with the ALS-associated mutation G93A and nontransgenic littermates were used in this study. Initial breeders were obtained from the Jackson Laboratory (Bar Harbor, ME, USA). Lines were maintained in the animal facility at the Montreal Neurological Institute and mice hemizygous for the transgene were obtained by breeding hemizygous males with nontransgenic C57BL6 females. All experiments were approved by the McGill University Animal Care Committee and followed the guidelines of the Canadian Council on Animal Care. Mice were genotyped for human SOD1 according to the JAX protocol. SOD1 G93A transgenic mice were designated "symptomatic" by positive hind-limb extensor reflex (approximately at 140 days of age).
Mice (three per group) were injected intraperitoneally (i.p.) with 50, 100, or 150 mg/kg NXD30001 in 10 % DMSO, 5 % Tween20, 15 % CremaphorEL, and 70 % saline, either as a single dose or repeated three times weekly for 2 weeks, as indicated in the "Results" section.
Tissue levels of NXD30001
Mice were euthanized by deep anesthesia with i.p. injection of ketamine/xylazine 1 or 6 h after the last injection. Blood was obtained by cardiac puncture (EDTA anticoagulant), followed by perfusion with normal saline. Brain, spinal cord, liver, kidney, heart, and skeletal muscle (quadiceps) were harvested and samples were divided in two for separate analysis of drug level and HSP expression. Plasma and tissues were placed immediately on ice and then frozen and stored at −80°C.
Plasma and tissue levels of NXD30001 were analyzed under subcontract to Cerep (Redmond ,WA, USA). Each tissue sample was homogenized in 0.75 ml cold PBS, pH 7.4 for 10 seconds on ice using Power Gen 125. The homogenized tissue was then stored at −20°C until further processing. NXD30001 was extracted from plasma and tissue homogenates using acetonitrile precipitation. Calibration standards (1-5000 ng/ml) were generated by spiking 2.5 or 10 μl of each 20× standard solution of the test compound into 47.5 or 190 μl of drug-free plasma or tissue homogenate, respectively. The spiked samples were processed together with the unknown samples. Briefly, 200 μl of acetonitrile was added to each 50 μl plasma sample, and 400 μl of acetonitrile was added to each 200 μl sample of tissue homogenate. Samples were mixed for 5 min on the plate shaker and then centrifuged at 6,000×g for 15 min at 4°C. Supernatant, containing the compound, was transferred into a new tube and was centrifuged at 3,900×g for 15 min. 20 μl of the supernatant was subject to LCMS analysis. A Gemini NX C18 column (2×50 mm, 5 μm) was used (Phenomenex). The mobile phase A was 12 mM ammonium formate/6 mM formic acid in water and the mobile phase B was 6 mM ammonium formate/3 mM formic acid in water/MeOH (1/9, v/v). The flow rate was 0.5 ml/min and the gradient was 60%B for 0.5 min, 60-100 % B in 1.5 min, and 100 % B for 0.9 min. TSQ Quantum was used for MS/MS analysis.
Analysis of HSP expression in tissues
Ice-cold excised tissue samples were homogenized in 2 % SDS sample buffer (20 mM Tris, 2 μM EDTA) containing protease inhibitor cocktail (Roche, Mississauga, ON, Canada) using a 2 ml Wheaton hand homogenizer. Tissue homogenates were sonicated for 5 s at 50 % cycle using a Vitro Cell Sonicator and centrifuged at 15,000×g for 15 min. Supernatants were collected and sample protein concentrations were determined using the Bradford protein assay. 25 μg of protein from each sample was prepared with Laemmli loading buffer containing β-mercaptoethanol and were boiled for 5 min.
Protein samples were separated using SDS-PAGE (10 % acrylamide resolving gel, 4 % acrylamide stacking gel) at 100 V. Separated proteins were transferred to a nitrocellulose membrane at 100 V at 4°C for 1 h followed by 30 V at 4°C overnight. Transfer efficiency was assessed using Ponceau protein staining. Following transfer, the nitrocellulose membranes were blocked for 30 min at room temperature using 5 % skim milk in TBS. The blocked membranes were probed with primary antibody overnight at 4°C and with horseradish peroxidase (HRP)-conjugated secondary antibody for 45 min at room temperature. The membranes underwent three 15-min washes in 0.3 % Tween-TBS after each probing. HRP activity was stimulated by HyGlo Chemiluminescent HRP detection reagent purchased from Denville Scientific (Metuchen, NJ, USA).
Results
NXD30001-induced expression of iHSP70 and HSP40 in cultured motor neurons by activating HSF1
Initial studies established the dose-response activity of NXD30001 for upregulating HSPs and whether this occurred through activation of the major mammalian heat shock transcription factor, HSF1 (Voellmy 2004) . Treatment of mouse spinal cord-DRG cultures with 10-250 nM NXD30001 resulted in dose-related expression of iHSP70 and of HSP40. 40 nM NXD30001 consistently induced expression of iHSP70 and HSP40 above control levels. This is comparable to treatment with geldanamycin, another HSP90 inhibitor (Fig. 1a) . HSP90, mitochondrial HSP60, and HSP25 levels were not altered by either drug. At the exposures used in these experiments, NXD30001 did not show signs of cytotoxicity and thus exhibited a greater margin between iHSP70-inducing inact did not express iHSP70. Scale bar=20 μm. Lower panel: iHSP70 expression was quantified as FU in 17-20 motor neurons per condition using Metafluor® imaging software and graphed as means ± SEM. iHSP70 expression was significantly suppressed in motor neurons injected with HSF1 inact plasmid (*p <0.0001) and cytotoxic concentrations compared to its parent compound, radicicol, or to geldanamycin (Batulan et al. 2006) . Both iHSP70 and HSP40 were induced in motor neurons within the cultures (Fig. 1b) . After 3 days of treatment with 40 nM NXD30001, an average of 81.2±1.27 % motor neurons (mean ± SEM) expressed iHSP70, as detected by immunocytochemistry. After 7 days, an average of 61.1±2.71 % of motor neurons expressed iHSP70 (data from three culture batches). iHSP70 expression induced by NXD30001 in motor neurons was HSF1-dependent ( Fig. 1c) : hyperphosphoryation of HSF1, an indicator of HSF1 activation required for transactivation of hsp genes, was detected by Western analysis (upper panel) and suppression of iHSP70 was achieved by expression of an inactivatable, dominant negative form of HSF1 (middle and lower panels).
NXD30001 reduced accumulation of mutant SOD1 and formation of inclusions and maintained motor neuron viability
Accumulation of mutant SOD1 in motor neurons results in protein aggregation and formation of inclusions. Fig. 2a shows that treatment with 40 nM NXD30001 delayed accumulation of SOD1 G93A -eGFP in motor neurons, but not of SOD1 wt -eGFP or eGFP. Cultures containing plasmid-injected motor neurons were incubated in regular culture medium, medium containing DMSO 0.0004 %, or 40 nM NXD30001 and the levels of eGFP fluorescence in motor neurons were quantified as described in the "Materials and methods" section. Treatment with 40 nM NXD30001 reduced the accumulated level of SOD1 G93A -eGFP on both day 1 and day 2 (p <0.0001 for both days), whereas 5 nM NXD30001 significantly reduced SOD1 G93A -eGFP only on day 2 (p <0.001). Delayed accumulation of SOD1 G93A -eGFP was most likely through enhanced degradation rather than altered transcription or translation because SOD1 WT -eGFP and eGFP were expressed from the same CMV promoter.
Treatment with NXD30001 also significantly reduced the formation of SOD1-containing inclusions (Fig. 2b) and prolonged viability of motor neurons expressing SOD1 G93A to those expressing SOD1 WT (Fig. 2c ) Fig. 2 a NXD30001 G93A toxicity in cultured motor neurons, preceding increase in cytosolic Ca 2+ and formation of inclusions (Tradewell et al. 2011 ). Mitochondrial morphology is influenced by the balance of fusion/fission (Cheung et al. 2007 ) and the mitochondrial rounding in motor neurons expressing mutant SOD1 was associated with impairment of fusion dynamics (Fig. 2a) . Treatment with 40 nM NXD30001 significantly reduced the impaired fusion resulting from SOD1 G93A expression, which was quantified as decrease in fluorescence over time of photoactivated, mitochondrially targeted eGFP in regions of interest as described in the "Materials and methods" section. Data for all experimental groups obtained at 60 min of the fusion assay are summarized in Fig. 3a , clearly illustrating the protective effect of NXD30001 for maintaining mitochondrial fusion. Mitochondrial rounding/fragmentation induced by SOD1 G93A also was prevented (Fig. 3b) . Thus, NXD30001 maintained mitochondrial morphology in motor neurons expressing mutant SOD1 by maintaining the balance of fusion/fission.
Inhibition of mitochondrial axonal transport is a significant aspect of SOD1 G93A toxicity (see Tradewell et al. 2011) . Since mitochondria move in spurts, transport was quantified as the percent of mitochondria moving or stationary during an observation period. Treatment with NXD30001 did not prevent the impairment of transport in neurons expressing SOD1 G93A (Fig. 3c) .
Early accumulation of mitochondrial and endoplasmic reticular Ca 2+ and eventually cytosolic Ca 2+ are prominent features of SOD1
G93A in this culture model, which were not prevented by the HSP90 inhibitor, geldanamycin (Tradewell et al. 2011) . Similarly, NXD30001 failed to prevent the increase in mitochondrial or cytosolic Ca 2+ in motor neurons expressing SOD1 G93A (Fig. 3d) . In summary, NXD30001 had a good profile of neuroprotection in a primary culture model of ALS1, inducing HSPs at noncytotoxic concentrations and protecting against some of the hallmark features of SOD1 G93A toxicity.
PK/PD profile of NXD30001 and induction of HSPs in vivo
Having established the profile of HSP induction by NXD30001 in neural cultures, the compound's PK/PD profile was investigated in vivo. Studies by NexGenix Pharmaceuticals had established i.p. administration as the best route of administration, oral availability being very low (see Electronic Supplementary Material Table A1 ). Data from a preliminary PK experiment demonstrated central nervous system (CNS) exposure after a single i.p. administration of 100 mg/kg of NXD30001 in mice (see Electronic Supplementary Material Table A2 ). In brain, drug concentration reached well above 40 nM (the therapeutic concentration used in the culture model of ALS1, equivalent to 20 ng/g tissue).
We proceeded to evaluate tissue distribution of NXD30001 and induction of HSPs using mice transgenic for human SOD1
G93A
, an established model for preclinical evaluation of therapeutics for ALS, and in wild-type mice of their C57BL6 background. Other studies by NexGenix had established that a dosing schedule of 50 mg/kg of drug three times per week could be administered in these mice without clinical toxicity, although up to 100 mg/kg, three times per week i.p. administration could be tolerated for a few weeks (unpublished data). NXD30001 had anti-tumor activities in xenograft and transgenic models, associated with increased Fig. 3 NXD30001 preserved mitochondrial fusion and morphology (length), but not axonal transport or intracellular Ca 2+ homeostasis in motor neurons expressing mutant SOD1. Motor neurons in dissociated spinal cord-DRG cultures were microinjected with plasmid encoding WT or G93A mutant SOD1 and treated with 40 nM NXD30001 or vehicle for 3 days, when a mitochondrial fusion, b mitochondrial rounding/ fragmentation (measured as mitochondrial length), c axonal transport of mitochondria, d mitochondrial Ca 2+ , and e cytosolic Ca 2+ were measured. SOD1
G93A impaired mitochondrial fusion and transport, caused mitochondrial fragmentation, and increased mitochondrial and cytosolic Ca 2+ . Presented are means ± SEM of results from three cultures per condition, 20-60 motor neurons/culture (*significantly different at p <0.05) Early symptomatic SOD1 G93A transgenic mice were dosed i.p. with 50 mg/kg NXD30001 on a three times per week schedule for 2 weeks. Mice were euthanized 1 or 6 h after the last dose. Various tissues were collected and NXD30001 concentrations were measured by LC/MS. Drug concentrations were higher at 1 h (upper panel) than 6 h (lower panel) in all tissues. In plasma, NXD30001 cleared quickly and reached near the lower limit of quantitation level at 6 h. In contrast, NXD30001 levels in brain, spinal cord, liver, and muscle were still above the neuroprotective concentration used in culture (40 nM, equivalent to 20 ng/g of tissue) at 6 h, despite substantial decrease from levels at 1 h. Drug levels in liver and muscle were much higher than those in nervous tissues. To convert ng/g to molar concentration, multiply by 0.5 turnover of cell signaling molecules that are HSP90 client proteins (Barluenga et al. 2008 Wang et al. 2009; Zhu et al. 2010; Tanaka et al. 2013) .
NXD30001 drug levels were measured in plasma, brain, lumbar spinal cord, skeletal muscle, and liver from symptomatic SOD1 G93A transgenic mice that had been dosed three times weekly with 50 mg/kg of drug or vehicle over 2 weeks (3 mice/ group). Tissues were excised at 1 and 6 h time points following the last dose. NXD30001 levels in plasma, brain, lumbar spinal cord, skeletal muscle, and liver are shown in Table 1 . NXD30001 cleared quickly from plasma. In brain and spinal cord, NXD30001 reached concentrations well above the therapeutic range in culture at both time points, with the maximum concentrations ranging from 459 to 1698 nM at 1 h in brain and from 536 to 1709 nM at 1 h in spinal cord; however, much higher concentrations of drug were detected in liver and muscle.
Tissues from the same mice were analyzed for expression of iHSP70 and other HSPs (HSP90, HSP40, HSP60, and HSP25) for expression and activation of the major heat shock transcription factor, HSF1, and levels of SOD1. No iHSP70 expression was detected in any samples of brain, spinal cord or liver, but upregulation was observed in quadriceps muscle harvested at both 1-and 6-h postinjection of 50 mg/kg NXD30001 (Fig. 4) . No consistent increase in other HSPs was noted, with the exception of elevated HSP25 in 1-h spinal cord samples, which did not reach statistical significance (Fig. 5) .
Consistent with data in culture. induction of iHSP70 appeared to be HSF1-dependent. Gel shift of HSF1, indicating hyperphosphorylation/activation, was observed only in muscle harvested at the 1-h time point, although iHSP70 expression was significantly elevated in the 6-h samples (Fig. 5) .
In culture, NXD30001 treatment delayed accumulation of mutant SOD1, but no reduction in SOD1 was measured in spinal cord or muscle of treated mice. To the contrary, SOD1 was increased in spinal cord, statistically significant in the 6-h samples (Fig. 5 ). An additional higher molecular weight immunoreactive band was detected in 1-h spinal cord samples, even in vehicle treated mice, and was included in the quantitation.
The dose-response and time-course for HSP induction by NXD30001 was further investigated in wild type C57BL6 mice. Mice were administered 50 or 100 mg/kg NXD30001 i.p. and tissues were harvested at time points up to 72 h later. iHSP70 was detected in samples of skeletal and cardiac muscle of NXD30001-treated mice harvested at 16, 36, and 72 h posttreatment (Fig. 6a-c) . No iHSP70 or HSP25 was detected in 4-h samples (data not shown). Weak induction of iHSP70 G93A transgenic mice, but not in CNS (brain or lumbar spinal cord) or in liver following dosing with 50 mg/kg NXD30001 (50 NXD) or vehicle i.p. three times per week for 2 weeks (tissue levels of drug were analyzed in the same mice; see Table 1 ). Tissues were harvested at 1 or 6 h after injection of the last dose. Total tissue extracts were subjected to Western analysis with antibody against iHSP70 and β-actin as loading control. Extracts of heat-shocked spinal cord-DRG cultures (H.S. Ctrl ) and recombinant iHSP70 (Hsp70 ) were run as positive controls G93A transgenic mice; transient increase in HSP25 in some spinal cord samples, but not muscle; and increase, rather than decrease in spinal cord SOD1. Mice were administered 50 mg/kg NXD30001 or vehicle i.p. three times per week for 2 weeks and tissues (lumbar spinal cord and quadriceps muscle) were harvested at 1 or 6 h after injection of the last dose (the same mice as in Fig. 4 and Table 1 ). Western blots of total tissue extracts were probed with antibodies to HSF1 and to HSP90, iHSP70, HSP60, HSP40, HSP25, and SOD1. Extracts of heat-shocked spinal cord-DRG cultures (H.S. Ctrl) and recombinant iHSP70 (HSP70) were run as positive controls was observed in kidney in the 16-h samples; however, no increase in iHSP70 expression was detected in brain, lumbar spinal cord, or liver in this experiment, nor in brain or lumbar spinal cord of mice treated with 150 mg/kg, the upper limit of solubility and tolerability (Fig. 6d) . Upregulation of iHSP70 in quadriceps and cardiac muscle also occurred in SOD1 G93A transgenic mice after single dose administration of NXD30001 (data not shown).
In summary, despite biodistribution to the CNS and induction of iHSP70 expression in skeletal and cardiac muscle, NXD30001 failed to activate HSF1 or induce multiple HSPs in the CNS even after administration at doses that would not be compatible with long-term administration.
Discussion
Toxicity of mutant SOD1 is complex, involving multiple intracellular pathways, even though the initial cause is a single missense mutation. Mutations are thought to promote protein misfolding and inappropriate interactions with multiple macromolecules. Protein chaperoning activity, reflecting the cellular ability to maintain protein conformation, (Bruening et al. 1999; Tummala et al. 2005 ) and proteasome activity, reflecting reserve capacity to catabolize misfolded proteins, (Kabashi et al. 2004; Cheroni et al. 2005 Cheroni et al. , 2009 Kabashi et al. 2008) are preferentially compromised in vulnerable regions of spinal cord in SOD1 G93A transgenic mice, a model of fALS due to SOD1 mutation. Similar proteasomal abnormalities were identified in postmortem spinal cord tissue from patients with sALS (Kabashi et al. 2012) . Thus, the increased demands on protein chaperoning and degradation pathways are important contributors to pathogenesis and targets for therapeutic intervention. This approach has been limited by the availability of effective drugs with good CNS bioavailability and safety profile. NexGenix Pharmaceuticals had been developing a class of small molecule inhibitors of HSP90 based on the radicicol backbone as cancer therapeutic agents. Since a lead compound, NXD30001, showed distribution to the CNS, the utility for treatment of neurological protein conformation disorders was examined.
In primary spinal cord cultures, NXD30001 showed a similar profile of HSP induction and neuroprotection against mutant SOD1 in a primary culture model of familial ALS as previously shown for geldanamycin, i.e., inducing iHSP70 and HSP40, preventing formation of inclusions and motor neuron death as well as maintaining mitochondrial morphology (Bruening et al. 1999; Batulan et al. 2006; Tradewell et al. 2011) . NXD30001 preserved mitochondrial morphology by preserving the balance of mitochondrial fusion/fission but, like geldanamycin, failed to prevent inhibition of mitochondrial transport, a calcium-dependent process, or the accumulation of mitochondrial and cytosolic Ca 2+ that appears to be upstream of and to potentiate aggregation of mutant SOD1. The improved efficacy of NXD30001 in inducing HSPs compared to the parent compound, radicicol, and the reduced cytotoxicity compared to geldanamycin (Batulan et al. 2006 ) make this compound a useful tool for experimental studies in culture.
A different profile was observed following in vivo administration of NXD30001. Although PK analysis showed that NXD30001 distributed to the CNS as well as peripheral tissues after i.p. injection into mice, no induction of HSPs was detected in brain or spinal cord with the possible exception of a transient increase in HSP25 with multiple dosing. No iHSP70 expression was detected in nervous tissue despite the peak concentration of NXD30001 in CNS reaching and surpassing the effective concentration in culture, and despite pushing the dosage to the limit (based on solubility, the irritant properties of the vehicle and known toxicity with long-term administration).
The threshold for NXD30001-mediated HSP induction varies with tissue or cell type in vivo, since iHSP70 was routinely induced in cardiac and skeletal muscle at much lower tissue levels than liver, which accumulated the highest drug levels, but without drug-related HSP induction. Possible explanations include differences in cell uptake, kinetics of HSP90 complexes, or gene transactivation. The transcription factor HSF1 is important for induction of HSPs by NXD30001. Phosphorylation of HSF1, indicative of activation, was measured in spinal cord-DRG cultures following treatment with NXD30001, and NXD30001-induced iHSP70 expression in cultured motor neurons was prevented by expressing a dominant negative form of HSF1. Activation of HSF1 was also concordant with expression of iHSP70 in mouse muscle after in vivo administration. Note that another HSP90 inhibitor, HSP990, was effective in inducing iHSP70 in nervous tissue of mice, but the efficacy desensitized over time (Labbadia et al. 2011) due to chromatin changes that affected accessibility of HSF1 to HSPEs.
NXD30001 did delay accumulation of SOD1
G93A
-eGFP in cultured motor neurons, without affecting SOD1 WT -eGFP or eGFP alone. Although this effect was dose-related similarly to induction of iHSP, HSP90 inhibitors promote degradation of client proteins by mechanisms other than HSP induction (Waza et al. 2005) . Inhibition of HSP90 releases proteins from HSP90 complexes, with multiple consequences relevant to this discussion. One consequence is that HSPs in the complexes become available to chaperone misfolded proteins, including mutant SOD1, client protein degradation depending on HSP70-mediated ubiquitination and delivery to the proteasome. Secondly, the transcriptions factor, HSF1 is freed to translocate to the nucleus, where it can be activated to transactivate heat shock genes. However, no reduction in SOD1 occurred with 2 weeks of administration to SOD1 G93A transgenic mice; rather SOD1 was elevated in spinal cord 6 h after the last injection of NXD30001 relative to samples from vehicle-treated mice. Appearance of a higher molecular weight band labeled by anti-SOD1 in 1-h samples of both vehicle alone and with NXD30001-treated mice suggests short-term toxicity of the vehicle or injection procedure. Although not investigated, this band could be a posttranslationally modified or crosslinked form of mutant SOD1.
Although the results were disappointing for testing NXD30001 in CNS disorders, the induction of iHSP70 in skeletal and cardiac muscle points to potential utility of HSP inducers in muscle disorders such as inclusion body myopathy. Interestingly, an HSP co-inducer, BPG-15, was recently reported to be effective in a mouse model of muscular dystrophy (Gehrig et al. 2012 ).
In conclusion, these studies point to the complexity of HSF1 regulation of heat shock genes and important considerations in exploiting this pathway therapeutically for chronic disease. HSP inducers are highly effective in preserving many, but not all, pathways known to be affected in ALS1. Thus, they could be particularly useful in combination therapies and should be evaluated in models of other forms of ALS.
